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ABSTRACT 

With the great demand for extending the ranges of active Sonar on 
today's ships, analysis into lower frequency transmission and better power 
transfer is of great importance. This paper uses wave theory to analyze 
a steel horn and its effect on impedance, frequency response, and directiv- 
ity of an electro-mechanical transducer. 

The horn was found to make the transducer a broader band device but 
only a small gain was observed in power output. 

The author wishes to express his appreciation to the Transducer Depart- 
ment of the Submarine Signal Division, Raytheon Company for the free use 
of their facilities and the excellent cooperation given in the successful 
completion of this paper. He especially wishes to thank Mr. Joseph 
Kuzneski, Mr. Serge “Jisotsky and Mr. Claude Ledoux for their valuable 


assistance, 
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CHAPTER I 
INTRODUCTION 

The primary objective of a sonar system is to convert electrical 
energy into acoustic energy for the purpose of transmitting intelligence 
in water. The most important purpose being in the detection of underwater 
craft. To accomplish this, electro-mechanical transducers are used to 
convert electrical pulses into underwater sound waves which can be trans- 
mitted through the sea to a target and back to the source. The transducer 
is then used to reconvert the incoming sound energy to be monitered and 
used for detection. Many types of transducers have been used such 4s 
underwater bells, microphones, magnetostrictive, piezo crystal, and more 
currently piezo ceramic transducers. 

In the early years of sonar, the ranges of transmission were extreme- 
ly limited as were the associated weapon systems. Today the ranges need- 
ed have been greatly extended and have put a limitation on the effective- 
ness of advanced weapon systems. Methods of obtaining greater ranges of 
transmission are therefore under intensive study. There are many facets 
that can be investigated in this area. Greater ranges can be achieved by 
using larger systems, more sophisticated systems, systems drawing more 
power, or any combination of these. Also research on new principles or 
ideas could prove fruitful. One other area could be an investigation in- 
to increasing the effectiveness of existing systems. One branch of the 
later will be investigated in this paper. 

Before discussing the objectives of this paper, it would be advan- 
tageous to briefly review a general type of electro-mechanical ceramic 


transducer, 





Generally a ceramic transducer is made up of three major parts: 
the back mass, the ceramic element, and the front mass. The major ele- 
ments of such a transducer can be seen in Fig. 1-1. The back mass is 
usually a large solid mass of steel with a high moment of inertia. 

The purpose of the high moment of inertia is to prevent radiation of 
energy to the rear of the transducer, Behind the back mass there is 
usually an absorbing material to take up any radiation to the rear. The 
ceramic element is made up of a series of ceramic discs or stacked cylind- 
ers. These discs are made in such a way that when excited by a voltage 
they will expand longitudinally. The discs are wired in paralle! and 
expand in phase. The front mass is a stee cylinder used as a pistcn. 
When a sinusiodal voltage is applied to a ceramic element, the piston 
creates the sound waves by compressing the water in front of the piston. 
The piston must be of a stiff material so that it does not deform during 
the compression cycle. 

The transducer can be represented in an electrical sense as an 
equivalent circuit. Such a general equivalent circuit is shown in Fig. 
1-2. Such a circuit is made up of three major parts: the source imped- 
ance, the mechanical impedance, and the load impedance. The source im- 
pedance is made up of the electrical impedance coming from the electrical 
source and the transmission lines to the transducer. The mechanical 
impedance has to do with the actuation of the transducer. Such items as 
the compliance of the ceramic element, the masses of the front and back 
mass, and the power losses expended in oscillating the front mass are 
included in this category. The load impedance is the impedance of the 


medium to the production of sound waves. 
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The purpose of this paper is to analyze the impedance characteris- 
tics of a transducer and observe the effect of a coupling device to 
improve the impedance characteristics. Related to this. the frequency 
response, resonant frequency, anc directivity .f the transducer wil te 
investigated. The coupling device to be investigated will be a mathemati 
eal horn. 

It is well known that for maximum power transfer, the source and 
mechanical impedance should equal the load impedance. [In Actual circum- 
stances, this is an area of great mismatch. With the use of small area 
pistons, the resistive loading effect in water is very low. Much of the 
power radiated into water does not result in the prone can of sound waves. 
The theory section will show that such a coupling device as the horn 
should increase to some extent the resistive loading into the water and 
therefore, the real power transfer into the water. 

There are two opposing factors encountered in transducer design. 

One is the size of the transducer, the other is the frequency of trans- 
mission. In order to produce an effective search beam, the transducers 
are usually mounted in arrays. The transducers are fired in a timed 
sequence to obtain the desired results. This factor limits the size of 
the individual transducers in order that the array can be realistically 
carried by a ship. This necessitates that the pistons be of small diamet- 
er. For realistic transducer sizes, the frequency of transmission with 
ceramic elements is high (5-100 kc.). High frequency transmission in 
water is rapidly attenuated as can be seen in Fig. 1-3. Since the piston 
diameter must be at least one quarter wavelength of the frequency of 
transmission to radiate this frequency into the water; piston size would 


have to be increased in order to lower the frequency of transmission. 
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Another possible advantage of a coupling device therefore, would be to 
increase the effective size of the piston and allow lower frequency 
transmission. Also this coupling device could have some effect on the 
resonant frequency of the transducer and possibly make it a broader 


band device. 





CHAPTER [Tf 


Li, 3] 
THE GENERAL WAVE EQUATION~” 


Sound energy is propagated through water in the form of waves. The 


type of wave can be either simple or very complex depending on the condi- 


tion of the sea, the physical arrangement of the transducers, resonant 


frequencies, bottom and top reflection, thermoclines, salinity, turbul- 


ence and several other factors. Before attempting to define the type of 


wave action applying to the work done on this project, the general acoustic 


wave equation will be developed. The following symbols will be used: 


Sy ig 
2 ay 


Ku, U,w— 








coordinates of the particle in the medium 
component particle displacements along 
x, y, z and z respectively 
component particle velocities along 
x, y and z respectively 
instantaneous density at any point 
constant mean density at any point 
condensation at any point (oe 
S=_eoo 
instantaneous pressure at any point 
constant mean pressure at any point 


excess pressure at any point 
7 


velocity of propagation of the wave 


velocity potential 





The term "particle" of the medium is defined as any volume element of 
the medium which is small enough so that acoustic variables such as pres- 
sure and velocity may be considered as constant throughout the volume. 

The following assumptions are necessary to proceed with the develcp- 
ment. 

(1) The fluid medium is isotropic and homogeneous. 

(2) The medium contains no dissipative forces, i.e., the medium 
is perfectly elastic. 

(3) The medium is unbounded. 

(4) The wave amplitudes are of relatively small amplitude. 

(5) Gravitational forces are so small they can be neglected. 

Consider a small rectangular volume dx dy dz (See Fig. 2-1). Accord- 
ing ‘to the continuity principle, the rate at which the mass inside the 
volume increases is equal to the influx rate minus the eflux rate of 


bluid. 
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ee 


ae u 
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dl 
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Fig. 2-1 Volume Element in Coordinate System 





Considering flow in the x direction and assuming the mass rate is 
increasing in the volume. 


Mass rate of - Mass rate of Mass rate in- 
flow out flow in crease in volume 


if 


Let C U=mass rate of flow out of the volume in the x direction 
7 
(2-1) ‘U— a, ACU) x} |¢ > — ~_Xe&) "du d2 
k {eur 2€ dx} |dyd ME Inc 


If the same equation is applied to the other two coordinate axis the net 


change is: 


aeu) , ew a(P~) | . 
(2-2) 0 = “sx 7 =. “| = | are 


The mass rate increase in the volume is: 


Plas 
oz 





(2-358 


| ee 


Equating Equation (2-2) and Equation (2-3) gives: 





/ ra y, 
as OF 1 APW, WEY) _ I0W_o 
gz ax oN az 
Using the definition of condensation 
Ste , 
s= =, or e°= e Ci +s) 


and substituting into Equation (2-3) gives: 


O 
oe” 2s) h 
ae e +(i+s} where C is a constant 
y 
of . , therefore Es =) 





Substituting this result into Equation (2-4) and simplifying gives: 


as , ale(its) uJ alecs)ul dfeci+s4] _ 
~_* =. a ie az 


e gs + eCI+s) 24 + eu(as) + uUci+ 5) 224 eC i+s) 7. 
+ eu $F eo: cvs) 3B ects) 24 gw " ex (25) m wiv) 20 


In looking at the physical nature of sound waves, it becomes obvious 
that, for small amplitude disturbances, the instantaneous density is going 
to change very little from the mean average density when going through 4 
compression and rare-fraction cyclee Therefore the term s= 3h will 
be extremely small quantity and s compared to unity as in the second term 


of Equation (2-5) will be insignificant and can be neglected, Therefore, 


Equation (2-5) simplifies to: 


dw 
ome, ez +@ey o + oF 4 Pru B+ USE + w\=0 


Also since the frequency range examined in this project will not be 
over 10 KC, the wavelengths are long and therefore; the terms u, v, w, s 
change very slowly with respect tc x, y, z. Thus terms such as u and 22 

aX 


are small and products of small quantities can be neglected. Therefore: 


2-7) OS, ou 
oe ax Fe 
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Qa = sor Ste 67 


Let — ( be known as the velocit otential (a scaier 
@ = + Byz 2) no 1 y Pp al ( 


potential). Taking the gradient 


eA 
(2-8) Cl x v= 2 5 w= 22 


substituting into Equation (2-7) gives: 


2 
$3422 42242 =0 


Ox & oz 2 
uSing the LaPlacian operator the equation becomes: 
2 
ge + VP=°0 


In Equation(2-9) there are still two independent variables. [¢ is 
therefore necessary to find a means of reducing this to one independent 
variable namely the velocity potential. This can be done by examining 


the forces acting on the volume element in Fig. 2-1. 


EF = fp A where A is the area of the face of 


volume 
p = pressure on that face 


Considering the net force acting on the volume dxdydz in the x direction: 
ms of ‘, IF" \Id z 
dk = [A (4+ Ea) ey 
A 4 
(2-10) dE. —_— — 2p dx dy dz 


The time rat. of change of momentum is given 4s: 


d (mv) 


where V = velocit: 





gn) alav) = “yu dX dydz 
dz 


gt 
Using the Fk - ma formula for force 


F = m 2 or F= dmv) 


So force is equal to the time rate of change of momentum. Equating 


Equation (2-10) and Equation (2-11); 


“a Ot ax dy dz = pcticgs dz) 


il 





er _ df d(C) 


Again using 





e" = e ( +S) and neglecting s 


in relation to unity gives: 


Cu = eu 


Since O 


B= eke +u 


therefore Equation (2-12) becomes: 


Qf 4+ eM ec 


Again applying this to the other coordinate axis: 
Lf" Siwo. Qw _ 
Oo = © ot =0O J a2 i C Sz =O 
Relating these a to Equation (2-10) gives, 5 
n + 02 lay {OA | “a 
[2A + © lee ol BPe eR by aise se luz m0 


or 


3) 26 OF jy4 WL 2lud elie 
(2-13) fax Sf dy + 2b yo eZ [usnr vy + ude] O 


Substituting: 


, / 34’ te 
ri df’ = Sf dx + Sf dy + Sf dz 


into Equation (2-13) gives: 


dA’ e | ax+ 2d 44+ BB a2] 


(2-14) d A + e2 lsd! =o 


Or: 


Integrating Equation (2-14): 


p+ eB ac 





If this equation is to hold when no acoustic waves are present, the 


boundary condition @ = 4 constant must apply. 


Therefore: og =—O 
oe 


The instantaneous pressure p’ is therefore equal to the mean pressure fro 


at the boundary condition. 


4 
Substituting in the constant of integration gives 7 = ff ~ fo 
é By 
7 + er: Fe 


(2-15) 4 = -¢ 


It is now necessary to find an equation relating p & s. This is done by 


considering the bulk modulus of elasticity B. 
B = Hat where: P = incremental pressure 
IVY, 
dK, = strain 


“=-s dP= # 


Substituting into Equation (2-16) gives: 


Y = SB 
Let ct= B 


(22 16) 


then 
f — ec’s 
2 

Substituting into Equation (2-15) ec S — a © og 
em ~ le I 

at c*\ oe 

% 
(2-17) one * { 


—- __—_— a 2 
at C21 9f 
Substituting into Equation (2-9) gives: 


1 fag\_ _— 
— calSea] = — V9 





or 


2 
(2-18) =% = CU? 


Equation (2-18) is the general three dimentional acoustic wave equation 
applicable to both liquids and gases. In this form it is expressed as 

a velocity potential but the other dependent variables could be used with 
ease and is just a matter of substitution. The general wave equation is 
the starting point. It is necessary to modify this eguation to a form 
that is applicable to the experimental work. One must ask what "type" of 
wave best describes the wave propagation from the transducer with and with- 


out the horn. This question will be resolved in Chapters III and IV. 
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CHAPTER iil 


A. APPLICATION OF WAVE EQUATION TO THE TRANSDUCER WITHOUT HOKN 


Assume that a transducer is immersed in a great body of water. The 
piston area is small in comparison to the volume of the fluid. It is 
logical to assume that a diverging wave pattern will be set up and the 


small transducer will be transparent to the wave pattern. Thi 


(2) 


wave 
pattern could be thought of as a spérical acoustic wave pattern. The 
transducer can be thought of as a point source. In a bounded system 
with a transducer of dimensional size this idealized situation is corrupt- 
ed somewhat but is still a good approximation. Directivity patterns made 
on a single transducer centrally located in a bounded tank seem to sup- 
port this reasoning. Therefore, the analysis made on a transducer without 
the horn will be based on spherical wave theory. 

Returning to the general wave equation Equation (2-18), it will be 


most convenient to use this equation in terms of cylindrical coordinates, 





where 
x= Y Sin © COS 7 
y= V¥Smne Siny 
z-~V¥COS 6 
x Fig. 3-1. Spherical Coordinate System 


15 





The waves have spherical symetry therefore @ is a function of radius 
and time only. 


Taking the LaPlacian operator: 


> ae =~ 
Vi get or + 


and transforming it into spherical coordinates: 


, *4— 20, 229 29) bi d% 
(3-1) V ¢ = 2o ay ale coms Ee 2 (sine + Fanty Sy? 


Because the waves have spherical symmetry; Equation (3-1) can be simplified: 


(3-2) wd, —_ 2D a 2d¢ 


av* YoY 


Differentiating rf as a product: 


gy] Y 
e 
rw 
— 
Vie) 
she 
yw 
+ 
ND 
rf 
VIG) 
IS. 


3) 


Substituting Equation (3-3) into Equation (3-2) gives: 


2. 2 
oo VG = + Se 
yore 
Now differentiating r@ as a product with respect to t and also noting 
that r is not a function of t gives : 


ard) — v2d 1 g2 


= st 





Substituting Equation (3-4) and Equation (3-5) into the géneral acoustic 


wave Equation (2-18) gives: 


(3-6) 0VGD) a c* zd) 
ge = 





or* 


If the product (rf) is considered as a single variable, Equation (3-6) 


is nothing more than an ordinary second order partial differential equa- 


tion. The general solution cs: 
(3-7) Vp = $,(ct-v) +4, (ct+yV) 


This solution contains two terms, The first one describes 4 spherical 
diverging wave; the second term describes a spherical converging wave. 
This then, is the general solution of a spherical wave starting or criginat- 
ing from a large sphere of radius r. Outside the sphere a diverging wave 
is traveling outward and inside the sphere a converging wave is traveling 
toward the origin. 

In the experimental work done in this paper, the waves emanate from 
a small source (can be thought of as a point source) therefore, the con- 
verging wave is of no importance. The only part of the solutica that 
need be considered is the diverging wave. 


bed 





The equation then, for a diverging spherical wave whose vibrations 


are harmonically expressed in complex notation is: 


+s jCwt — By) 


G-8) Y@= AC 
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where 4 is the wave number 


A 


— 
—_ 


natural frequency 


wave amplitude (possibly complex) 


_—_- = 





B. SPECIFIC ACOUSTIC IMPEDANCE FOR THE TRANSDUCER WITHOUT HORN 


The main purpose of developing the wave theory has been to define and 
be able to use it. The specific acoustic impedance is the impecance of 
the medium to a disturbance passing through the medium, As in mechanical 


g : 4 
systems this impedance is a ratio of pressure to mene! 


(3-9) a= f where z = specific acoustic impedance 
This wave equation can be expressed in terms of préssure and velocity by 
referring to Equation (2-15) and Equation (2-8) used in the derivaticn of 


the general wave equation. 


(2-15) 7? =- 2g 


(2-8) UL = Q re. in this case 
ox 
2g 
oY 


(3-10) ‘UO == 


Substituting the Equation (3-8) into Equation (2-15) and (3-9) gives: 


| oO j(at -4r) 
(S511) Ff = — | Ce Pe eC 


= j(eot -_£Y) 
3-12) h= oe |-i4- +4] 


Taking the ratio of {/u gives: 


Ly, 





> j(wt—£r) 
a ; t= _ 
7a [-j4-+ | Ae i av) -j4 (I- +) 


_ _& 


A(\- z 


(3-13) #. — Crt i) _ wr (4r+i) 


uu AC B41) i ar 
AY 





Eliminating w: 
w= ATE = 277C 
7X 
The wave number is defined as 
oY gee —_ Ww 
— ~~ 


a 
Substituting into Equation (3-13): 


ae ff = ec hy (fy + I) 


(we i+ £fry* 
1) Zin em 
314) ge ec “2M 4 jee —Se_— 
Zar d [+ fry2 
|-+ 4° Ye 

As can be seen from Equation (3-14), the specific acoustic impedance 
is a function of the frequency and radial distance from the source. These 
functions are analyzed for several distances from the source over the 
frequency spectrum, Figs. 3-2, 3-3 and 3-4 show the specific acoustic 


impedance for several locations in the medium, 
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CHAPTER IV 


A. APPLICATION OF WAVE EQUATION TO THE TRANSDUCER WITH HORN 


This chapter deals with the analysis of the mathematical horn used 
in the experiment. The development is similar to that of Chapter If; 
first the appropriate wave equation will be developed and then the 4sscci- 
ated specific acoustic impedance of the medium within the horn will be 
analyzed. 

The mathematical horn used in this project is called a cosh 
horn. In order to get a usable mathematical expression for the horn 
several stringent assumptions have to be made. The effects of these 
assumptions will be discussed in Chapter V. 

Assumptions: 

(1) All assumptions and restrictions made for the derivations 
are still applicable. 

(2) It will be assumed that acoustic energy is eee ee through 
the horn as plane waves. 

(3) The walls of the horn are infinitly stiff, so that there is 
no loss transversly through the walis of the horn. 

(4) The plane waves do not lose contact with the walls of the 
horn. In other words, the flare of the horn is not too 
great. 

Using the continuity principle as in Chapter Ii, consider the volume 
element shown in Fig. (4-1). 


Since plane waves are being considered only the x direction 1s pert- 


inent, 
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Fig. (4-1) Volume element of the Horn 


Rate of mass increase: 


jeu {eu a ee Sx) ax} = 2 {cu Sx) dx 


Since the instantaneous density at any point is numerically close to the 


mean constant density 


(4-1) 


a(eS,U) 2 a @ 
Ox ne ae 


The rate of mass increase would necessarily be: 


ot 
| Pa: Ste = sey 
Since >t ae 2 


% 
Therefore: oe = eC gs 


Equating Equation (4-1) and Equation (4-2) gives: 





eS, 2edx = —e 2S ax 


7 = Os OCS) = 
(4-3) =% + x O 
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Substituting Equation (2-8) A= oD 


And Equation (2-i4) 
into the (4-3) gives: 


Simplifying: 





2 oS 
ao = ‘Gal x, Oo a ao 
gz ox x ox 


; oO _ 72 127g od , OBS)! 
a ae C ox? = 3¢ ox 


Equation (4-4) shows that the plane wave equation is modified by the 
addition of the horn. The modified plane wave equation contains an addi- 
tional term which is a function of @ and the crossectional area of the 
horn. This shows that the plane wave equation and therefore the specific 
acoustic impedance will change depending on the type of horn. 


The type of horn to be used is described by the Equation (4-5). 
x 
(4-5) Se = S. cosh (-*) 


The following steps show the operations necessary to fit this Eaua- 


tion into Equation (4-4): 
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dS B. Sx 
dx 


the Sx_ a ee iiltesee le = 
dX i eae + | | = GX 


I 
Q_ 

x 

0 

+ 
5 
va (t 
pe 
x 

Tl 
Lt 


ai} _ Sin h( cy, 
dX h cosh(2x) + | 


(4-6) 


The wave equation for this horn is then: 


7 2% | 2, 2g 
(4-7) awa) =o > 





This partial differential equation cannot be solved mathematically 
because of the complicated expression that has been added. Therefore, it 
is necessary to find a compromise that will approximately describe this 
horn and can be solved mathematically. A logical choice would be to try 
and fit this horn to an exponential horn. The flare of the cosh * 


horn is plotted on semi-log paper (See Fig. 4-2), and approximated by the 
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Graphical Layout of Mathamatical Horn 


Fig. 4-2. 





best straight iine that can be ecrawn through the points. 


Fiem Figure 4-2, the best singie exponential norn for the approximation 


y 


is shown to be: 


ISX 


(4-8) Sx — 9700 


It should be observed from Fig. 4-2, that two exponential herns would 


give a still better approximation but this would add another reflectior 


© 


interface into the calculations and seriousiy complicate matters. 
In order to put Equation (4-4) into 4 more practical form, 4 peneral 


equation for Sx will be used. 


Ww x 


(4-9) Sx = Se 


where m is tne flare consiant. 


Taking Gyr Sx and iF eaeer aL inp tan 
Was) _ 3&Se™) 
i aX oO x 
4x Ss o4.e"") 





mM 


(Ln Ss) _ ww 
Ox 


(4-10) 


Substituting in Equation (4-4) gives: 


2 
(4-11) oe = 2¢ +m 2 


gx * 


29 








The general solution of this partical di 


ifferentiai equation 4s: 
ae j(wt — ee) j(wet + Bx) 

wg aie | B 

(4-12) Dp =e e Ay ce 


Differentiating Equation (4-12) to find the constants Q and B 


eel. eee swt + ax) 
2 _e [Ae -= |e euere +i | 


‘Ox 
wtb _, y@ot + Bx) me 
+ E E€ + Be Pe 
‘(wt ~ 6x) ° 
~Kx|— _ Ss _.  jlwt +x) 
et (A+B) = € [Ae + Be | 


then: 


= +} @(-A+B) ~« (A+B) 


xy 
x 
| 


D 


QJ 





= }@*(A4+ B) -2\aBCA+B) +X (A4+8) 


Q 
x 
v 


Ss 


> — jWwa + Q) 


KR 8 
a 


rh eae + 
cE = j*w*(Ar8) 


Substituting into Equation (4-11): 


jow* (A+B) = Cie? (A+B) — 25K BC (-A+ B) +0" (A48) 


4 mei g (-A+B) —-me x CA+ B) 


Equating like terms: 


yw? (A+B) = CU B*(A+B) +00°C CAB) 


—~mcn (A+B) 
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N= RAK 
j= -1 
oe 2 
cr Hh 
- th =m 26 ae - 167 


Ba Am . 6 = [Re 


“4 ) 


Therefore the censtants of integration are: 
(4-13) OC == =a 


(4-14) GC — = 2oR 


Substituting Equation (4-13) and Equation (4-14) inte Equation (4-12) 


gives the general solution for 4 plane wave treatment of the mediun 


inside the horn. 
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B. SPECIFIC ACOUSTIC IMPEDANCE FOR THE TRANSDOGCER WIiTh ROKN 


Using the general harmonic solution (Equaticn (4-12) and substitur- 
ing into the specific impedance formula gives: 


; iwt- 6x) a. \wt + es 


Let A+B = Ae he BC 


=. -e# 
oo 
Ox 
Su eve “(A+B 
~j\@ e~"(A-8) -xe “*(A+B) 
mm a 


Be ex 
piv (Ae +e 
a (Ae Be) 4 i6(Ae - Re) 
_ eck(se +R e"") 
~j[CxtieA eth (x +16) Be l™| 


4 Rei 4 Bei*) 
(@-iy) Aes _ (¢4+jaghRei™ 


Zerit +Re 
(F -iFJAS™- (Eri Gee™ 


q~ ot AN Im Wad rw 
we AY ame ptaanmce 


8x 
(4-15) Z= ec 


This is the general expressicn for the specific scous 


at any point in an exponential horn. 


, : ‘ ; eee, —_ : 
In this expression, the complex quantities A and 6 do not cAnce! out, 


a2 





~ 


~ 


therefore it is necessary tc examine these quantities mors closely. in an 


infinitely long exponential horn, there would be no reflected wave bacx 


@ 


into the horn and therefore B would bé zerc. However, in & finic xpon~ 
ential horn there is a possibility of mismatch at the mouth of the horn 
and a portion of the incident wave would be reflected back. A general 
rule of thumb used to determine if an exponential horn can be considered 


[3] 


infinite stipulates that 


Ha, » Ss Ag = radius of horn at mouth 
A = wave number 


Let 3 = 1000 CPS 
C Cin sea watev) = |§04 m/sec. 
Q, = 7 in, 


AG a Lam yiced || iso) )(2:54) =.955 


1go4 }oo 


~ 


Since this stipulation does not hold fer the horn under study, it is 
necessary to evaluate &. It is interesting to note that if tne medium te 
be considered were air, AQ would then be approximately equal to five and 
an infinite horn could be assumed. This means that for the same Forn 


there is much more reflection or impedance mismatch at che mouth of th 


= 


- 


horn in sea water than in air. This fact reduces the effectiveness of the 
horn in water. 
; <a> : i 
In order to determine the valve of B, the impedsi.ce at the mouth of 
the horn must be analyzed. It is a valid assumption to state that ¢ must te 


continuous at the boundaries - in this case, at the mouth of the horn 


Se. 





Therefore the specific acoustic impedance at the mouth must be equal to the 
external loading impedance on the mouth of the horn. Solving Equation (4-15) 


fOr XxX = ff and equating to an external load impedance gives. 
me a4 — qt 4 
a — iF 4 
o£ (5-1s)Ae™ (2 2)Be™ - 
IZ NB TN where Ze = external load impedance. 


Solving for B: 
— 462 


Be lec + (4 3) =A”e'™ Z(E-i8)— @¢ 


=x — -2)62£ po @ . &\_ 
(44-16) 3B = Ae (2, G-i7)- °9) (23 : ec) 
eC + Z| +i %) 


i 
At this point it is necessary to evaluate 2g . Based on the assump- 


tions made in the development of the horn wave equations, a volume of the 
medium at the mouth of the horn can be thought of as a vibrating piston. 
This will be only approximately true because of frictional effects between 
the layer of water and the sides of the horn. 

Using this idea of a piston at the mouth of the horn, the analogy can 
be made that this mechanism is a4 large transducer with a pisten area equal 
to the area of the mouth of the horn 4 . When the transducer without 
the horn was considered, it was assumed that this transducer could be re- 
presented by a spherical point source because of the small dimension of 
the piston radius in relation to the wave-length. Because of the much 
larger piston radius of the transducer with horn, this can no longer be 
considered a spherical point source and it must be assumed that the waves 
have some directivity. This statement is borne out by the experimental 
directivity plots made on the transducer with horn. It is therefore neces- 


Sary to extend the analysis to consider radiation from a piston source. 
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Starting with the development of the spherical source, let the velocity 


be described by « sin.csoidal pulsating sphere as, 

A= Us Gas lot 
Assuming no cavitation phenomena, the particle velocity of the acoustic 
wave must equal the velocity of the sphere. 


Since the specific acoustic impedence has previously been defined 
Pp y 


as; eae 
z= 


then acoustic wave velocity in terms of z is: 


j (ut - fr) 


(4-17) Us BA e€ 
| Vz 


Therefore setting the velocities equal and evaluating A gives: 


a \@t-4yr j wF 
see ' = Ue & 


=i and j4Y 


2 e Sin, : 
Y Us.ec-# fa COS LAr) + singer) 


Assuming fy is small: 

A ax vile dk r+)Cit+jibr 
Y= owe 

Substituting A into Equation (3-10) 


P jec 4rd. 
Let Q YT rl. 


e § @t -#r) 


° 


. | @t -4r) 
(4-18) P= ice oe * 
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Using Equation (4-18) as the expression for the pressure of an 
acoustic wave caused by a piston radiating in water, it is possible to 
find the force exerted on the radiating ee) Consider an infinite- 
simal area d s on the piston and d p will be the pressure exerted on the 


/ 
medium at any point ds removed from ds. (See Fig. 4-3). 





Fig. 4-3 Surface of a Transducer Piston. 
By summing over the surface of the piston, the total acoustic press- 


ure at ds can be evaluated. 


j(wz - #1) 


(4-19) P = |/ 54 Uo € 75 


The reaction force is given by: 


DF ie 


Substituting p from Equation (4-19) 


OV 


(220) os fpo== 5S le, e all 15 If, e” ds 
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Referring to the geometry of Fig. 4-3, it is necessary to change 
the limits of integration to apply to the correct nomenciature. If 6” 
is the radial distance from the center of the piston to element ds anc 
e ¢ 4 
@ is the angle between d s and ds; then 
Yd@dr- = ASS 


7 ’ i ee 
Also letting ds = dod Y where the final integration can be made 


over the whole piston using Vv from ©O to @/7f aad om from © 


to Q@; Equation (4-20) can be put in the form: 


jut 
§ me - ite 4 Knee — sfayfsefe- 


The integration must be carried out step by step nA will nitessariiy ins 


volve Bessel functions because of the integral form: 


8 
i ~ ajae cove 
- eas ge 


6 


The final result of the force equation is of the form: 


2 jut 
(4-2) fo = - SM ue [R, (240) + X, (240) 


- 


where int (24a) and xX) (2 2) are the 


Bessel functions: 


| 2 4 y, 
= ee x not Me: 
R, (x) 9.4 24 6 a Ne, am res a 





— O/X. oe 2 le A 
0 — + ( : — + 3-35 ) 


Use of the concept of radiation impedance can now be used. The 


oy 





radiation impedance is defined as the ratio of the force exérted by the 
piston on the medium to the velocity of the piston. Aise the radiation 
impedance is related to the specific acoustic impedance at the surface of 


the piston by 


= = ec a 
ey. = ee — =. (242) +5 x, x, @ 4a) 
Tes 
Substituting 74 for Q and & for Sr gives: 


— 


Ze = SEE [R, (2422) +5 x, (2#4,)| 





wm) Zp = an (2#e) + j X, (2-424) 


i =a 
By substituting the evaluated values of B and into Equé- 


tion (4-15), the generalized expression can be written, 


ki Bx 
-j@x ee (Bz -iF)-€9) JZ - ¢) 
Ae Ase fer 


A(E-iz)e" (base Ale“ Ge-is-0 
ok E+ 5) 
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The solution to Equation (4-25) was set up on the digital computer 
and curves were obtained of impedance v.s. frequency for selected loca- 
tions within the horn. ‘These curves are shown on Figs. 4-4, 4-5, 4-6, 


and 4-7. 
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Fig. 4-4, 
X-SCALE = S.00E+02 UNITS/INCH. 
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Fig. 4-5. Transducer With Finite Horn. 
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Fige 4-6. Transducer With Finite Horn. 
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Fig. 4-7. Transducer With Finite Horn. 
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CHAPTER V 
THEORETICAL CONCLUSIONS 

From the curves of the specific acoustic impedance with and without 
horn developed in Chapters III and IV, several observations can be made. 
Most important is to note that the reflection due to the interface at 
the mouth of the horn is an important term and has great bearing on the 
resistive loading. As can be seen from Figs. 4-4, 4-5, 4-6 and 4-7, at 
certain frequencies the waves (direct and reflected) reinforce and sub- 
tract from one another. Thus, standing wave patterns are setup in the 
horn that in some cases aid and in some cases detract from the resistive 
loading effect. The basic reason for this is that the horn tis too short 
for use in water. The high velocity of sound in water versus air dic- 
tates the use of longer horns. If, in Equation (4-25), B were set to 
zero; this would be the condition of an infinite exponential horn. Equa- 


tion (4-25) then becomes: 


Ee 
be 


(5-1) 


Note that in this equation the specific acoustic impedance of the 
medium within the horn is not dependent on the location of the analysis. 
The specific acoustic impedance for an infinite horn is plotted in Fig. 
(5-1). 

Also for purposes of comparison, the resistive loading effect is 
plotted in Fig. 5-2, at a distance 2 inches from the throat of the horn 
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for the three conditions: no horn, finite horn and infinite horn. 
Another factor concerned in the design of an optimum horn would be 
the flare of the horn. It was observed from Equation (4-25) that a 
smaller flare, would result in a higher resistive loading and a lower 
cutoff frequency. In the case of the horn used in this project, the 


cutoff frequency was higher than anticipated and this detracted some- 


fs 


what from the theoretical analysis. The primary concern was to cover 
range from 1 to 5 kc. 

Also it should be noted, that some of the basic assumptions applied 
to the finite horn are not exactly applicable and in some cases questicn- 
able. The horn was made of steel and not infinitely smooth, therefore, 
there are small viscous losses where the horn comes in contact with the 
water. Also partly because of these viscous effects, the waves are not 
plane waves but have some curvature. These effects are considered small 
and do not detract a great deal from the actual case. One questionable 
assumption concerns the stiffness of the walls of the horn. Fig. 5-3 shows 
that the ec of steel is comparable to that of sea water and, therefore, 
the steel horn is to some degree transparent to the medium. There is a 
loss transversly through the walls of the horn and this reduces the re- 


sistive loading effect. 
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Fige 5-3. Specific Acoustic Impedance of Various 
Media. 
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CHAPTER VI 
EXPERIMENT 

A. Introduction. 

The main purpose of the experiments performed was to analyze the 
effects of coupling a horn to an underwater transducer. This was done 
by comparing the transducer with horn versus the transducer without horn 
as to admittance and impedance data, frequency response, and beam pattern. 
These areas will be taken up individually and the results shown in the 
ensulng sections. 

aie Description of the Transducer. 

The transducer used was a low frequency device. The electro-mechani- 
cal conversion was accomplished through ceramic elements. Since the trans- 
ducer is classified, only this general description can be given. This 
restriction, however, does not detract from the understanding and develop- 
ment of the analysis. The transducer was modified by enclosing it be- 
tween two metal rings fitted with spacers. This was necessary to prevent 
the transducer from being used in a clamped mode when coupled to the horn. 
The transducer is shown coupled to the hornin Fig. 6-1 and Fig. 6-2 

C. Description of the Horn. 

The horn is known as a catenoidal horn. It was designed with a 


curvature conforming to the equation: 


*/ x 
S¢ == oe cosh (4) 
where: Sy = cross-sectional area of the horn 
S = cross-sectional area at the throat 


of the horn 


The dimensions in Table I are explained in Fig. 6-5. 
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The horn was fabricated out of steel stock using the following design 


data: : 

TABLE 1: Sp = S, cosh’*(*) 
= xX 

dy d. cosh( ‘) 


mouth area = 1645 cm 


h = flud@econstant = 9 


inches 


1.000 
1.0062 
1.0248 
1.0561 
1.1002 
1.1583 
1.2306 
1.3180 
1.4215 
1.5431 
1.6834 
1,8456_ 
2.0287 
2.2376 
2.4742 
274 7 
3.0423 
3.3814 
3.7622 
4.1892 
4.5000 
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Fig. 6-3 
Dimensional View of the Horn 
Fig. 6-4 and Fig. 6-5 show the horn in various stages of fabrication. 
Fig. 6-1 and Fig. 6-2 show views of the horn coupled to the transducer. 
The horn is 1/2 inch thick and weights approximately 90 pounds. 

D. Admittance Bridge. 

The data taken on the admittance bridge is considered the most im- 
portant because it shows the phase relationship in impedance. The imped- 
ance taken on the bridge is the equivalent impedance seen looking into 
the terminals of the transducer. Therefore, not only the impedance of the 
medium is present but also the electrical and mechanical impedance of the 
transducer. This overall impedance is necessarily different than consider- 
ing the impedance of the medium by itself. The purpose of the experiment 
is a comparison of the resistive and reactive loading effects for the 
transducer with and without horn. Since all other parameters remain the 


same except the impedance effects on the piston in both instances, the 
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Fig. 6-4 


Fabrication Views of Horn 





D4 








Fabrication Views of Horn 








gain or loss in resiStive loading can be effectively compared between 
experimental results and the theory without separating the various im- 
‘pedances taken in the experiment, 


A block diagram of the experimental setup is shown in Fig. 6-6. A 


fy 


variable frequency sine generatcr wat used as the signal source. The 


¢ 


bridge was nulled at preset frequencies using an cscilloscope. A band 
pass filter was used in conjunction with the scope to eliminate unnecessary 
noise and allow greater accuracy in nulling the scecpe. It should be point- 
ed out that great care had to be caken in obtaining data around resonant 
points, In some instances the resonance peaks ocsturrecd with a width of 
less than one hundred cycles at a frequency of two to ten thousand cycles 
per second. The transducer was immersed in 4 salt water tank and aimed 
at the far corners. Tank dimensions are given in Fig. 6-7 and Fig. 6-8. 
The transducer was suspended on 4 cable and allowed tc rotate slowly about 
the far corner of the tank. The reason for aiming at the far corner and 
the slow rotation was an attempt to break up any Standing wave patterns 
that may develope and therefore decrease radiation back to the transducer. 
The signal was restricted to low power for the same reason. Because of 
the limitations of the tank and the low frequencies used, there was some 
radiation back to the transducer but these effects are neglected in the 
analysis, In each instance, before the transducer was immersed in the 
water; it was washed with a suitable wetting agent to eliminate air 
bubbles as this would reduce the loading effects, 

The admittance data taken was converted to impedance data and is 
shown on Fig. 6-9 and Fig. 6-10. The resistive effects are compared on 
Fig. 6-ll. Fig. 6-9 and Fig. 6-10 show the difference in resistive load- 


ing and reactive loading. In both cases the reactive impedance was much 
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Fig. 6-6. Block Diagram of the Admittance 
Bridge. 
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Fig. 6-7. Top View of Test Tank with Transducer 





Fig. 6-8. Side View of Test Tank with Transducer 


38 





BEE SRZaB 

SSS8SB80R8 

SEREBESR 

Sugaseass 

BB@ FSSLGH GOCERBADIID 
SFP ganar 

Beteaaars 

Laced alee al ile Nal ci in Lal 

° - t ou 

Peat age 


su sceze 


fbcceesent 
seSSSSESES 


sess 
He 


ate laletaletsiela) 
tit 


scaueeeueeas 


saaaeue 


ee 2 


s 
: 


=| 
sore ee 


strssstetes 


caae 


Fe 


\ 


5 


essa secur essadastas 


aaeatctae 


cS 


sri 


PN 
ee 


Oo 


BOSS GOR SF GERGUEEBOR0 0G88R 2 
aa 
OB 
oe 


QRS DEBOS COSRERRADACABSDSTSIDL EVIE 


a 
eo 


opens nesge 
=) i =a 


By 


BESESE0 SSS 00 00R005R00E8 
SSPUSGRS Cee RET 5 Peele 
G8 SB G88 SBSS SSRN OOLOeaaoF 
BB PEGE SRGEURGHH8 FRanF 
EEE EEE 
BSGGRE"S05 00885 8008 GeReskaae 
ae 
SGGn8 seuneeuses 


Aen 


RH EE Hf 
M 


RM 


7 Pe ee 
- 


4GGSS OORGL TESRRE5eR8 
FOGDU GBR S eO8eseauegena 
SEG88 BERS EESee eeenEs 
URSHGTSEST BESESTEaS00H 
Segue USSESCEESESESES SEcrE 
+0 G08 PERBD CUBET SESE SeBBOeoet cD BO GB OS SPOR DABAUE CRAG FOU SOSH CORSE SUS HS SHBS) PARED ASOAE PUEBOTATO TS SPARTA AOA RS OPOSOSSSRGB 
PUES OBBEC GEE SDESES0 CRSP O OL? DBO SE OSPR SCRE PP OSE Bc HOBBS COOLS OR BOE BOR 88 8 BOBS BER SR O88 88 PRBS SORRSR DECO OD 0088 FERBR0 F000 8 OBDSS2 0B800 SOOER E0008 
Met te ott 7) et Tt toot © eee ty ey | et) | eee Ct i Ce ere) DRES00TESS C2 ST2ES 088580 €2OCOCSE80 098550538000 
SEES SGESS SoSSbaEbes Suceeccsreassesssesssereseaeeseeace sESSE SESESSEEEs SEESETSSS SEONG FEEES SEEESEEEED Sunes FEEETEEEESEESES EEEEEESESS SES 
oveacgceEs GSRREBEC) DEBRDADRSSREESS 
scseccuceceuan soees SeGeeGoeesGenacene H BEB BaRSs Seeees Lt] EH tt FE SSB0E T0880 BESS SSeHl 80S 


4 


elelel. al 
gee 

aeaee 
Beoeaa 
aeeee 
Beane 

a ee 
ee - 


ca 
i] 
_ 
8 
a 
S 
a 
cs 


4) 
BUEDGGB 


' 


SeHerheS 


i 


ea 
i 

lela tele) aialel sleet aleaiaieh & sels) 
ast 


ae 


ssscd ages teite/s 


Sponsencessnsaee sacs ee 


ape feta ef BSSESOGLF ) iee8 4 4 
Eiges veces prcaecesst cee sucrereseerssessiss : 
SoBsSGeSes Scena essed saaseseses sosseaseae ces saSeseeceseeeeess SeeesTeersceses sates “cass tiees svasetesssesest 

BS90980 OSCETUSSLO OBUSURDOL [ OUSSVERSRCE OVE OT OVE OE LOGE RT OUSS0 FULT DOBBS DeSeT ees me tt HEH oot 
Suisuesdas otevetes Coteutosts ttoatautesostostasassostesautateatateate faatattene ifae tort stent tent efott tant stentoseadsteaties 
SSETEEsaSs POSTSOEESE SESESSSTSG CSEOSTESESCETOTOSETOETOSTTEETSSTas Frara ses aestass Tersastaes Sesseersas sees corse suessseterersesseee : 
Sues adau] tanta abts sasavsuted estan eutanentesostat teseseateoueustey seat ateug teatasezes( ss dsazent stots este fasegestesotartatete eventatesatentatent statero-Ss atatonsesatese( stsfessreete:: 

seesseeent susree=<ascesssceerstersel tse cesctesnst tas 
Seeessoceu SEGGERESSECEETSGGEEs Sessa GEETe Cues ssetscosszlseee SuseeSeTeseesulaeed f2aceeeseecessee, Guu seaee usec Ceeseseees SeSseesves SesTaesee Cases seuss EEESEECCTSOSSETTESET EEneEC STREET ETTEET Tore 
abou range esSuceEEs SuGeseuses frscbeussecesssessesvasstleee Cees susee Esseeseeesasee seeescesseaees Crsesseeaseseed’scessses eases PenTeeeees steer tenet EEESTESEES SETESEETEETEEEE( ROECEETESEETE 
seuss ssGee saGee SeseeCeETessets CoESECEEeeGeetetsess asses sseseses sue boscey cUM GeccussBEd cSsaeceESsQSEENERESS EERES=OCE cessstesstSeses(> Was cestuiecseers 





SSSS CESSES OSHS SUBRESERRE BEEBE. 
Gases neces sesec rast ssaueseses fastest: 
SSDSSESECESest’ 
SEStcseescesss 


OP a Ge Mt oe Oh SE oe ED 
— 7" 


PI Ba 


ry 
bl 
3 


Seaeeneen Se seen 
ane 


a88 


SB £15) 48888 BRSS8 STSE 
Seo et ete tro + HH 
ae 


BEL SHAATOPOTS CARS H CRORE OBAS8 FOES ORSRS SOR HS CRBS RRRRR BARBRA APS | 

EE EO Bo 

ICDS OOCSLS OSS S50 SESE POSCOECL 10 0S ROS BE ERE PHSES GSPOC COSSS OS0S8 SESH D GOSH G PSO R0 2OS80 GSSE0 FOSR0 FUCRT SESS FEST CRE |] 

DO DSSS BESO POSTS ODF STA APLD APPOSED GPPCIIDIDS GOSTVAPODOEO ON SSEC 828900 BES00 GEER0 CROCE RES 

DOGS OERH0 CONGO FESO OBB aPAassoo G8 GSE 00 DADRE GESCEHVTOS BECO ETERS SEO 

OESSER0800 008 SEG Feueesseans HE Et ft 
8 


SRcuPenese 


G88 BeuegncoR rT eT TTT a SSS 88 FSEES SERS SRER8 SEGRE CERES SERES COREE BOSSE BOSe8 Beese: 
OBSSSEGG800R8 Hanouseag0g0 BOSHRER ESSE QHG0O FEBS H00 CSE00 DEG GS OR 8S0 05980800 8980000080 808804 


GSEE SEE ab eeseeEaa 
SEGA’. cBGeen senses 


eucceeqcrogr 
wrriririiiiii ty 


BSS Sb SHESH €E950 DOES &. 388 GHB 0SEHL 


SEG8 C6 SR6 bin 
sors 

CEE eae as 
BEOS8000 EBD f 


B 
a 
a 
_] 
a 
a 
| 
a 
a 
a 
a 
] 
Heeugs 
AUGGRRH 
eVEanaan 


= 
bad 

a et a 
i» 1 


DBO00 Seaegbsegaa 
c 


(es I Ed ell 
tt 


[4 
 ¢ 





JOOS CODES SESE R SRR E88 
BEE eee 
JDDG BSES0 SEebeseese 

OUST RD SSR SHEER CORSE Beees 
DOGS SSSR RSS208 88808 

OOO DHSS SESE8S FERRE GEEB 
DUOC GEESE BHSSR SREREBReee 
DCOOU GE SSSEOE8 BERBER BRO88 
DEOC CSR STRSEEE BB88R FeRee 
DOCO DOSES ESSER BESER ERE 
-4 44 
OUT LEBOE OBOE BOUL di aee 
OUGS GER U8 SERE08 FRRRRRTERA 
DUS GER0R2 CBS008 GRRER FE088 
OBO FARST RUSE SBBRGRRERD 
SE O8 SEGRE EERE|«DIEBEGS 
BEBG SeeeeaBBEP> 


S00 G@S008 GESS8 E088 
Vee vereeseres ene 
yo on tet fm om nog 

=. mi 5 > 












Sag SgSuy Seacecsedd ceoud toad geogeazond stot af oqt atend ctead stead stead cqeat eugegeogeitizt 
lL 
ke eee cl ae ee 
siti raft stetorn er er rae ues ean ter nai een Dae SAU eH une| Chae 
_ sna eaane 32> qe0 a seperese seseeeees = eaacesasece asssussess HH 
- sata rerrrasiiiptastis pees eS : fine se att - tS ath SEH Ht tt aeesuae stcegease +E EEE HEEL 
Pee eee el ERE cceeeate See att eg Ae tee 
oH ones Seeaceeas ceEnd seses cueea tenet seeseceehecssnetseri cae aeees panes sates srnesceces tseessuseeseesccueat er Ssseairastesieattsisattosted! ftaites Bertani ice age acter laa aa 
Effi it ee Eee eee eee eet eee eee ee 
Hee arn tnt Se eee 
HHT HH bie senad 50552 Denes totes ccess Caecctnces sasvecezes feces suadeuta asta otessases ontetestssoutstores toveztssadsstesezted atest stout gfatstee pr eet Bg ge 
ee 
Serta Sera tng eee a es ee ces ee 
PEE eet ECE get eae ae ara aa re 
ee 
Bt a Tepe ee EES TE 
Gee ae reve Se HEEL es 
sere | tele SEE SESHESERECEGETREEEEECCGaHHGAHEIEEEEE 
es 
| PSS SSE SST Gerad aur gag art aig ara ae eae a eae 
Heine eect iesesaatij coves ttoccegetasiitinaat Sugsaseesatascugasantatauss cee’ Westatast ttetateststeteteats SSESSHECHESHESSCCEH SEEEESENE TECH CESSES 2 UEEEE seeeEsaeeasesssests 
ee 
ee 
Ee eae Gere ar ae ge ETE HE Se deta nee ae neater eee eee ee Ee Ee EE EE EEE 
Se ears eae ea eae ea Ua TEE EEE EEE 
ee ares ae er eg eg a ea HEE Hu IRE 
ESE HEE EEE EC ESE a rs ae 
Ea a ga a Scobey Sesseessesserssssse: Sreeesteat atecaeutassaseuectesieertesseavtozitt 
SSE tee ESE REESE EE EEE TEE suse taste eaazea ase? eat etetsste gee ceeeaste Slr eetacee act Ee Hee EEE ee ee renege ta 
SEEEICESECSETEGETESESoGETeorsSzCGrE seesssssssseets SHeESESsueaesdtasttcieostoartateedtoattastestestattostosts SE Ere eae cetera eee eee ee eee EEE EEE EE 
eee 
PE Reese AUER SHUTS ee ae eg ee ae aa ae 
f_ S00SCUs COSBSUeEeS SCHeecGBessauececececcneea Coaeeeeecee SESS8e8850 Sue ees00g0 0800 S0eqSRREuESRGER5R0 Geos en GEees Booes SoeeeSeoen ny SGSee0 Sen nnen858 ECE ee Oo BEE EH EEE HEE 
seSbepeass scans fceeceeeseets fence Sessa esarasseceeet ct tet tan este feet ere ett te ee ie sncE sri Steaua ee ieau ined me HET 
ee ees eg ig ada agg 
Ere renee Se ee en 
ee ee, 
gierrrssHnninneieiteeree eee ee eae ee 
i. ).,, 
HEHEHE ees errr Sree SS eT acerca 
HRTR RHE Ta HSHSRTESEEEE SE eae eaue eee ee te Eee ge aE ae EEE EEE AEE oe Ea eee punneces 
cocosegss SHH ++ +4 Ltt td tt oe 255929 SSESEESESEESSSEESEuESEEEES Geass testececee testetcoct teoseatose qeoseatost Mesteseesetees eee eras panne 
SSEET IEEE: Sibseaesa tesetts ST See Ere eS Coes Coes cen ne os ees See eeeeees cause Ceees sees suses Seen ses ses scene 
SSGeS E5008 Sunes seeng Seuss SUnEs 8 oseeees sees8 seeessesee 





&* 

























Se 
Ete { i ReMUaniteaee Ce ee oe Se 
x soucgres at FEHR HG Seeeqsueue queue jaaus ayagauae saeepacenea 5 ELE TH : EHH state saipafsateatieett HE iidii He it THE 
FETTER TSE EERE EL HSE EE a ae a ile eat eae Sa a eae 
Bi a eee ae ear nee ee ee sr Teen EGG EEE ee te 
7. ...,,rtrt*t«*sé«:éi‘(‘<‘izCOCCO® 
Eg HEE ae cevd eu eee caee eee ace faust ite eee Eaeaacee epee tease ste ad fazee rte gtvaseee eRe Mareeee? ge Se uses suuadeee| tat eg eee pueaeette 
sia LE SESE Hitaitema cre Series ee Seizes eta qaee ee aan renner teeace 
aaaicea ature aaatied taste tapers apres peda fatfasdneniiass saseeseeddeestosten foseedteti ation fase ites THEE Seas feces tact sosdd estat avast casi cseitaaitacite 
Sa eee Hiniatteiep cares cs Ciae ga ae ee eee acct aae dee faee faze acre ae EE eet 
seesccesestis ERE FEE ed ES ee REE EP sesesccesiais EERE eerie Matte NEE SEES ccd EEEne ete rece coon aseosdaasdsazizieet 
HEE SH SEbsesotasczsseteressesetesassesszasers Ssesessereaseneretinetnateerei ANH : Sbsbursetatsstevatnssazet? eerie cutie ieee bie EeiiasreTeniiere eit 
SEE HAE FEED ESE EP faee tanec uae get taaee eae tase ee iz) Peateial caer ineepaa citer Sesser cea eeeeaaseeaserosseosszecssseas gesaseeceteectiti 
Se Greer a ieee uae ieee eae eg eee cet UES eee reer ne eae eae ane EE EEE 
Steed ease ee eet etguan eae eect Eee ae itie UES aie 
| anne SUEReia tara GES ESNeeeea aaataataia ants ceomeeeeeeeeceeeetes Sesassstasasassate Gesvetafel saeatstegrotatatite! 
aaaeacsenr reqszess Eee facee eestsct# atu baat rected aaszareeipeagaseetesta tease COPED tua arene coitaits PageHerreHe HE Erte an atte eat eee 
Pee SUS eer eee Sergeant Area aan at ee ae eee ata eae eae Ae 
Se faiiis spedeadseesratais SSEESEEEUHEestenentceeeooooocsasaaiMeeRTeeeeeTEepeGeePeEPPPPE Peet vocen SEHIEERERS RAREEEEESRSEESEEEHEociae Sie HeR REE ig ee 
pgegeaatae fsa pegesad aearaegurge rte Tevet ages sae HEHEHE SEESSEEtcgetodztaa feettosstl atta fis tocdtosaie ara bossaasesasssee asses teers 
iene Se ed cued se Ae eet Hd eatin atte 
SuEpsieersseaneee dcceeeecee ea teaeaaat seve eee ceentngaa Sed eaatzeer cores eee ee AHATHREHEEL Seq Lannea inten te gait Ee aeg eet 
Eibach fae Sdanea Hee aa taeeeel eae terse cutee fase taeena ane faeez eee taal | ee subslesesessszaszai fossa srest sastecsset ten bszeetecdtoagoeoztevits 
see aaa SSS ee ere ae ee erect Hie tae at tart 
ETERS Hee St eae eevee te ee Ea ee ee ee Sess cites tease asentonccitrast epsateatst tzectcti® 
 — . . |. | 
Sinha Seda taassfaser octet EEE ete eeeTEeEe Rn ates aaasacenTOePePOPTEG AEE REESE EE Sudtcsad eset fasts tasidsatisesaas svat tostatonaitoststascaetetrait fel [PEER 
LD lrDFrL 
Seeasesces scsssrsese EEeeeeta aaaasceercceeeeeeee eeeeeeeee eee Eee EEEeCeeeeenenT nS ttTHditGfifiatnziTiia lee eee ee Se 
IEEE Sb eee earee ee rare re ta Ea Ee eee Ea 
| || | 





how thae the 


.€> | 


greater than the resistive effects, These figures 42150 
lower frequencies are the most ineificient. in rig. o-il, the case of 

no horn in water shows one very peaked resonant frequency. At tnis tre- 
quency, the resistive effects are very good but over &@ band of frequencies, 
the resistive effects attenuate rapidly. In the case of the hora in water, 
it is observed that the horn definitely made che transducer a 
device but in doing so drastically attenusted the resistance at the re- 
sonant frequency. Also notice that there is a gain with the use of tne 
horn below the cut off frequency and a@ good gain at a frequency of i200 


cps. 





E. Vector Impedance Locus Plot Data. 

Impedance data was taken on the Vector Impedance Locus Plot (Abbre- 
viated V.I.L.P.) as a back up to the data taken on the Admittance Bridge. 
The block diagram for this experimental setup is shown in Fig. 6-12. The 
experimental technique involved is similar to that for the Admittance 
Bridge. The data taken on the V.I.L.P. is considered accurate to only 
ten percent whereas the admittance data is considered accurate to one 
percent. For this reason, the V.I.L.P. data was taken only to corro- 
borate the Admittance data and therefore no analysis is made of this data. 


The experimental curves are shown in Figs. 6-13 and 6-14. 
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Fig. 6-12. Block Diagram of the Impedance 
Bridge. 
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Fig. 6-13. Vector Locus Impedance Plot 
Transducer in Water - No Horn. 





+ —\ — 4. 


4 
t 
ES 3 : biome : 

















at Het ee 


gis 


Fig. 6-14. Vector Locus Impedance Plot 
. Transducer in Water - With Horn. 
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F. Frequency Response. 

In order to obtain frequency response data, the transducer was 
connected to a variable frequency oscillator and allowed to transmit 
in water. The front face of the transducer was directed to a calibrated 
hydrophone which monitored the output. The block diagram for this system 
is shown in Fig. 6-15. 

The Oscillator and Send Modulator combination delivers a sinusoidal 
Signal of low level to the Transmit Gate. Gating pulses are received from 
the Pulse Generator, The parameters of the pulse can be varied by the 
Pulse Generator. (Pulse width .1 millisecond to 60 millisecond and pulse 
repetition rate 4 milliseconds to 1 second). The signal is then fed to 
the Power Amplifier and on to the transducer. The power output of the 
transmitter is monitored in db. on a Ballantine Vacuum Tube Voltmeter. 

The pulse width and repetition rate transmitted by the transducer is very 
critical at low frequencies. The pulse must reach the calibrated hydro- 
phone and be completed before radiation off the walls of the tank reach 
the hydrophone. Also, because of reactive components in the transmit 
section, the first two or three cycles of the sinusoidal pulse are trans- 
ient and enough cycles must be allowed in the pulse to reach steady state 
and transmit a steady state pulse. This transient effect can be monitored 
on the oscilloscope and thus controlled. However, at low frequencies the 
pulse length increases beyond the necessary cutoff due to radiation off the 
walls and this is the limit of the Raytrac system. Since both the trans- 
mit pulse and receive pulse can be observed on the oscilloscope, it is 
approximately known when this limit is reached. Any frequency below 1000 


c.p.s. cannot be recorded. 
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Fig. 6-15. Block Diagram of Raytrac System. 
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The calibrated hydrophone is energized by batteries external to 
the circuit. The signal is picked up by the hydrophone and fed to the 
Pre Amp. where gain selection of 20 and 40 db. are available. The signal 
then goes to a band pass filter which is set at maximum noise rejection. 
The ensuing signal goes to either a Low Frequency Receiver or High Fre- 
quency Receiver depending on the transmit frequency. The Low Frequency 
Receiver is a gated amplifier and the output signal to sent to a diode 
storage circuit. The High Frequency Receiver is similar to the Low Fre- 
quency Receiver. The diode capacitor storage circuit makes the receiver 
a peak reading device. The Pulse Generator is used to gate the High and 
Low Frequency Receivers, The peak signal is then fed to the Recorder 
Amplifier and Recorder. After running the experiment, the hydrophone is 
calibrated on the same curve. Fig. 6-16 and Fig. 6-17 shows the experi~ 
mental curves that were taken. Using these curves, the frequency response 
(power output) can be calculated. Before calculating the power output it 
is necessary to determine the directivity index which can be calculated 
from the beam patterns (See Section VI-G). Fig. 6-18 shows the physical 
location of the transducer and calibrated hydrophone for the experiment. 
Fig. 6-19 shows the frequency response curve. 


The equation used in calculating the frequency response curve is: 


(6-1) P output = V, ~-A-Ve + 20 bgd - E - 776 -DI 


where: Vy = Hydrophone calibration in db. 
QQ = Difference in experimental curves in 
db. (See Figs. 6-16, 6-17). 
WA = T'P-210 #15 Hydrophone constant in 


db. 
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Fig. 6-16. 


for Transducer without Horn. 
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d = distance between transducer and hyere 
phone in yards. 


F = Power into transducer in db. 
DI = directivity index in db. 

The frequency response equation includes the term "DI" which adds 
foutne power output. The more directive the beam the larger in db. this 
term will become. This helps to account for the greater gain in deci- 
bels shows on Fig. 6-19 than is shown by the admittance data, FEecause of 
the low frequencies used, there is some question as to the accuracy of 
these frequency response curves as mentioned above, The curve (Fig. 6-19, 


shows an overall gain of approximately 10 db. 
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G. Beam Patterns 

In obtaining beam patterns, the Raytrac system is used (See Fig. 
6-15). The Polar Recorder is slaved to the Leeds and Northrup Recorder. 
The Polar Recorder in conjunction with the Rotating head provide an in- 
tegrated rotating motion to the transducer. The receiving system direct- 
ly records the amplitude versus angular displacement on the Polar Recorder. 
The beam patterns obtained experimentally are shown in Appendix I. The 
beam patterns were used to obtain the directivity index for use in 
Eugation (6-1). The directivity indexes are shown plotted in Fig. 6-20. 


The directivity index is given as: 


(6-2) Da — 10 fos De 


where Dy = Directivity Ratio 
The directivity ratio is obtained from the beam patterns. On log-log 
paper, the db. down from the peak response is plotted versus angular 
position of the transducer. The areas under the curves are calculated 
and the directivity ratio is given as the sum of the areas under the 


curves to twice the total area. 
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Fig. 6-20, Directivity Index Curves. 
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CHAPTER VII 
CONCLUSIONS 
Fig. 6-11 showed that the horn does make the transducer a broader 

band device but the gain in resistive loading was disappointingly low. 
This was also brought out in the theoretical shortcomings discussed in 
Chapter V. The frequency response Fig. 6-19 showed higher gain but a 
portion of this is due to the directivity of the horn. Based on these 
findings and the fact that longer horns would be needed to increase the 
effectiveness, the horn does not seem to be particularly well adapted tc 
underwater sound needs. Shipboard use is ruled out because of the large 
sizes that would be needed for effective horns. There is a possibility 
that some use could be found in coastal monitoring systems. It is be-~ 
lieved that more effective horns can be built based on the Study of the 
theory. Horns built longer with less flare and greater thickness could 
add greater gain. Some research should be done in this area. It is 
doubt ful whether the use of a ponderous horn would have any economical 
advantage in comparison to building the larger transducer that would be 


needed for lower frequencies. 
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